of the occipital bone. 11 Therefore, in the present study, we used CT to map areas with occipital bone thicknesses > 8 mm, and we determined the ratio between trabecular bone and total occipital bone thickness in individuals without head and neck disease.
methods

Subject Selection
In this institutional review board-approved retrospective study, we reviewed data for individuals without head and neck disease who had undergone CT scanning (Aquilion CX, Toshiba) at our hospital. Exclusion factors were brain or cervical disease, collagen diseases (for example, rheumatoid arthritis), and disorders of calcium metabolism. Written informed consent was obtained from all participants.
measurement technique
The external occipital protuberance (EOP) was used as a reference point to measure the thickness of the occipital bone on arbitrary CT slices. The surface was divided into 1-cm segments extending laterally for 5 cm and 1-cm segments extending inferiorly for 4 cm. Therefore, 11 × 5 sites were created in each patient (Fig. 1) . The position of the EOP was designated as Level 0, and the position 1 cm below that was designated as Level 1. Similarly, the median sagittal plane crossing the EOP was considered as a reference and divided into 1-cm segments on the right side (R1-R5) and left side (L1-L5). Two independent orthopedic surgeons obtained the CT measurements using Zio Term 2009 software (Ziosoft Inc.), which allows cross sections in arbitrary directions. The thickness of the occipital bone was measured in units of 0.1 mm orthogonal to the tangent at each measurement site. In addition, the trabecular bone thickness was measured in the same direction, and we determined the ratio of the trabecular bone to the occipital bone thickness.
Statistical analysis
All statistics were conducted using SPSS version 20.0 (IBM Inc.). Data were expressed as the means ± standard deviations. The Student t-test was used to compare parameters between males and females, and the significance level was set at p < 0.05. Interobserver reliability was assessed by intraclass correlation coefficient (ICC) analysis. The relationships between patient age and the thickness of the occipital bone were estimated using Spearman's rank correlation because age and thickness did not show normal distribution.
results
One hundred five patients, composed of 55 males and 50 females, with a mean age of 57.1 years (range 20-91 years), were the subjects of this analysis. The average thickness of the occipital bone, measured at 1-cm intervals in every direction, is presented in Table 1 . The EOP had the greatest thickness, with average values of 17.5 ± 3.0 mm (range 12.5-29.4 mm) in males and 15.3 ± 3.0 mm (range 10.5-23.5 mm) in females. At each level, the maximum thickness was located in the central region. At Levels 0 and 1, the values decreased laterally in a linear fashion. At Levels 2, 3, and 4, the values became lower (thinner) and then higher (thicker) again. Areas with thicknesses > 8 mm were more frequent at the EOP and up to 2 cm in all directions, as well as up to 1 cm in all directions at a height of 1 cm inferiorly, and up to 3 cm from the EOP inferiorly. There was no significant difference in the proportion of male and female subjects with an EOP > 8 mm thick; however, the male group tended to have a thicker occipital bone than the female group, and the differences were significant around the EOP. The ratio of trabecular bone to occipital bone thickness was > 30% in the central region. At positions > 2 cm laterally, the ratio was < 15%, and the ratio gradually decreased further laterally ( Table  2) . Measurement of occipital bone thickness demonstrated good interrater reliability (ICC = 0.85). No correlation was observed between patient age and the thickness of the occipital bone at the EOP (r = 0.047, p = 0.637), and the other points showed similar findings.
discussion
Regarding occipital cervical fusion, long-term halo- mapping occipital bone thickness vest immobilization is sometimes required after surgery, and complications such as screw loosening, implant failure, and dural tears are occasionally observed. So far these problems remain unresolved. Abumi et al. 1 reported the occurrence of occipital bone screw damage in 1 of 24 patients. They inserted an additional screw, and after surgery, halo-vest immobilization was used until bone union was attained. In addition, Deutsch et al. 2 reported on 3 of 51 occipital cervical fusion cases of pseudarthrosis, in which implant failure occurred in 2 cases and revision surgery was required. Stable fixation and additional screw insertion positions at the time of revision surgery should be considered in such cases, and occipital bone morphological assessment would be required as well.
Stable fixation of the occipital bone to the cervical vertebrae requires screws 8 mm or more in length, according to Heywood et al. 11 In response, a few authors have measured occipital bone thickness using CT in healthy subjects or morphological analysis in cadavers. 6, 10, 14, 17, 23 For instance, Grob et al., 6 who used CT, reported average thicknesses of 14 mm at the center of the superior nuchal line, 6.6 mm at the right paramedian, and 5.7 mm at the left paramedian. Moreover, these authors recommended inserting the screw at the median of the occipital bone. In addition, Olivier, 17 Ebraheim et al., 3 and Zipnick et al. 23 measured the thickness of the occipital bone using cadaveric specimens, whereas Hertel and Hirschfelder 10 and Naderi et al.
14 recorded measurements using CT. In the present study, we documented occipital bone morphology in 105 healthy subjects using arbitrary CT slices to accurately measure the structure's thickness. Our results revealed a wider range of regions with thicknesses > 8 mm compared with previous reports (Fig. 2) . Ebraheim et al. 3 reported that 8-mm screws should be inserted up to 2 cm lateral from the midline at the level of the EOP, 1 cm from the median crest at a level 1 cm inferior to the protuberance, and 0.5 cm from the crest at a level 2 cm inferior to the protuberance. Hertel and Hirschfelder 10 and Naderi et al. 14 reported that the area > 8 mm thick was up to 1 cm lateral to the EOP at the level of the superior nuchal line and 2 cm inferior to the EOP. In our study, the area was 2 cm lateral to the EOP at the level of the superior nuchal line and 3 cm inferior to the EOP. The above results suggest that it may be possible to effectively insert a screw over a wider area than the conventional reference range. In addition, our data suggest that there is sufficient space to make new bur holes for additional stability or in cases of screw loosening or implant failure. It is important to note that considerable individual variability was observed, as in previous studies.
3,10,14 Therefore, we recommend measuring the thickness in every patient preoperatively. Post hoc calculations revealed that this study was adequately powered (> 80%) to detect a difference of area between the data of these authors and ours.
Finally, we demonstrated that the ratio of the trabecular bone to occipital bone thickness was about 30% in the central region and decreased inferiorly and laterally. Haher et al. 8 reported that acceptable fixation is obtained with a unicortical screw around the EOP. However, unicortical fixation using a screw whose form is suitable for the ratio of trabecular and cortical bone thickness should be stronger against pullout.
conclusions
This study in adults without head and neck disease offers the first detailed mapping of areas that would provide efficient occipital bone stabilization via the screw-rod method. We find that the area of occipital bone > 8 mm thick was up to 2 cm lateral to the EOP at the level of the superior nuchal line and 3 cm inferior to the EOP. Future studies should repeat these measurements in pediatric patients or patients with rheumatoid arthritis suspected to have different bone thicknesses or densities.
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